In this paper we report large group delays in the propagation of narrow-band pulses through a dispersive medium with both dielectric function and magnetic permeability negative. We show how the numerical results can be understood in terms of the phase time as calculated from the complex transmission amplitude. We also demonstrate superluminal passage and saturation of phase time in the same material albeit in a different spectral region. DOI: 10.1103/PhysRevB.69.113104 PACS number͑s͒: 78.20.Ci, 41.20.Jb, 84.40.Ϫx The unusual properties of the electromagnetic waves in a medium capable of possessing simultaneously negative dielectric constant ⑀ and negative magnetic permeability were discovered by Veselago 1 in late sixties. The waves in such media ͓referred to as left handed LH͔ are quite counterintuitive. For example, the direction of energy flow for a plane wave is opposite to the direction of propagation. Veselago had also discovered that the dispersion of the medium is important if the medium has to have both ⑀ and negative. The recent experimental realization 2,3 of the left-handed media has generated lot of new interest in such media and many interesting new results have been predicted. [4][5][6][7][8][9] demonstrated that transmission of a microwave beam through a two-dimensional wedge obeys Snell's law with negative index of refraction. They also show the possibility of a rectangular slab focusing power from a single point source thus providing an almost confirmation of a prediction of Pendry 4,5 that a left-handed medium under suitable conditions can become a perfect lens. Many other interesting theoretical proposals regarding electromagnetic wave propagation in a LH medium have been made. [6][7][8][9] Li et al. 7 show the possibility of a new type of band in a stack formed from left handed and the usual materials. Effects of material anisotropy have been considered by Smith and Schurig.
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8 By doing a time dependent calculation, Foteinopoulou et al. 9 shed light on how the direction of wave front reverses.
As noted earlier, the dispersion of both ⑀ and is important in LH medium. Since the dispersion is important, one should examine how the propagation of a pulse in a LH medium takes place. This is the object of the present study. Note that the pulse propagation through a dispersive medium has acquired a new dimension due to the possibility of producing slow light. 10, 11 We also note that pulses in dispersive medium have been extensively studied since the early work of Sommerfeld and Brillouin and a large body of literature exists. [12] [13] [14] In what follows we concentrate on the specific aspects of pulses in LH media and report large group delays in the propagation of narrow-band pulses. We also demonstrate superluminal passage and saturation of phase time in the same material albeit in a different spectral region. We thus realize analog of Hartman effect 15, 16 well known in quantum-mechanical tunneling problems. The numerical results can be understood in terms of the phase time 17 as calculated from the complex transmission amplitude.
Consider a monochromatic wave with frequency to be incident normally on a parallel slab of the medium exhibiting negative refractive index as shown in Fig. 1 . Let ⑀(),() be the frequency-dependent material parameters and both are negative simultaneously for a negative-refraction medium. The plane-wave solutions for the electric-field vector E ជ (z,t)ϭE(z)exp (Ϫit) •r ជ , the magnetic field will depend on through the relation H ϭ(c/)(k ជ ϫE ជ )e ik ជ
•r ជ . The transmission amplitude F can be obtained by using the boundary conditions at the interface zϭ0 and zϭd. We use the continuity of the tangential components of the electric and magnetic fields to find the result 
